Changes in the nervous system and musculature of normal 34-month-old rats are described. Wallerian degeneration as well as segmental demyelination were observed in the peripheral nervous system, with changes more severe in the sciatic than in the brachial nerves. Signs of nerve-fibre degeneration were also seen in the cord and lower brain stem. The degenerative changes were usually mild, but in a number of animals there was severe degeneration of the gracile tract and lateral columns. Other changes in the nervous system included lipochrome pigment in nerve cells and other cellular elements throughout brain and cord, and eosinophilic bodies in the lower brain stem and cord. In some animals the ventricular system in the brain was dilated. Changes in the skeletal musculature were believed to represent neurogenic muscular atrophy secondary to changes in the nervous system.
Various changes develop with age in the nervous system of man and animals.
In order to use experimental animals i n long-term toxicological studies of compounds with possible neurotoxic properties, knowledge of the spontaneous changes in the nervous system is important.
Results of a study of the nervous system and musculature of a group of 34-month-old rats from the stock used in this institute are given. This study was actuated by the observation of posterior paralysis and of apparent atrophy of the musculature of the hind legs in rats over 2 years old.
Materials and Methods

Animals
Twelve male and 12 female SPF Wistar rats were used. The animals were taken from a group originally consisting of 25 males and 25 females used as controls in a long-term toxicity experiment. The rats had been bred from the closed colony of SPF Wistar rats at the Central Institute for the Breeding of Laboratory Animals, TNO, Zeist, The Netherlands, and were transferred to this institute at the time of weaning, when they were approximately 3 weeks old. They were kept in metal wire cages, four to a cage, in the same room from the time of arrival until death. This room had forced ventilation and controlled temperature and humidity. The animals were fed pellets of MuraconB, a commercial diet of known composition, which is manufactured by Trouw, Putten, The Netherlands. Food and water were given ad libitam.
Body weights were recorded at weekly intervals, and the animals were regularly inspected for abnormalities. Most animals appeared in good condition until the end of the second year; only three out of the original 50 died. From then on the general condition of the animals began to deteriorate, as manifested by roughening of fur, decreasing body weight, increasing mortality, and posterior paralysis. Towards the end of the 34-month observation period, many of the surviving rats were in very poor condition. The last 12 surviving males and 12 out of 18 surviving females were used in the present study. Six of these 24 rats showed posterior paralysis, whereas others, without exhibiting obvious signs of paralysis, had difficulty in using their hind legs. The hind legs of some animals, when compared with those of young rats, were thin, owing to an apparent reduction in the amount of muscular tissue.
All animals that had died or were killed were autopsied, and various organs were taken for histological examination. In addition to the changes in the nervous system and musculature, the main pathological conditions observed were nephrosis, adenoma of the pituitary gland, periarteritis nodosa, and, in the females, mammary adenomas. These conditions were present in 80, 35, 25, and 25% of the animals, respectively. Signs of chronic respiratory disease or other infectious diseases were not observed.
Fixation and Staining of Tissues
The animals were anaesthesised with sodium pentobarbital. When they were in deep anaesthesia the chest was opened, and after an intracardial injection of heparin the aorta was cannulated through the left ventricle. The animals were first perfused for a brief period with normal saline and subsequently with a fixative containing 10% formalin and 1 % acetic acid for half an hour. The brain, spinal cord, and other tissues were dissected after 15 to 60 min and given at least another 24 h fixation in the same fixative. From the brain, blocks of tissue were taken in the transverse plane of the hemispheres and thalamus at the level of the anterior part of the thalamus, of the cerebellum and medulla at the level of the pons, and again of the medulla in its caudal region. Blocks of tissue of the cord were taken transversally at approximately C 6 , T 7, and L 1.
To examine the dorsal root ganglia, parts of the cord were left in the vertebral column at lower cervical and lumbar level, and the blocks were decalcified with formic acid. After decalcification and embedding, serial sections were cut until a dorsal root with ganglion was included in the section.
The brachial and the sciatic nerves were also examined. These nerves were dissected from over the length of the humerus and the femur, respectively. Routinely the nerves were cut longitudinally, but in some cases transverse sections were also prepared.
Blocks were taken from the M. quadriceps femoris and the M. biceps brachii. The muscle fibres were usually cut longitudinally, but in some cases the fibres were also cut transversely.
The tissues were embedded in paraplast, cut at 6 bm, and routinely stained with haematoxylin and eosin (HE). Tissue sections of the nervous system were further stained according to the modified Glees and Marsland method for axons [15] , with periodic acid-Schiff (PAS), and with luxol-fast blue-cresyl violet (LFB). Selected sections were also stained with Mallory's phosphotungstic acid-haematoxylin (PTAH) and with the Bodian method in combination with LFB.
Portions of peripheral nerve from some animals were stained with Sudan black [8] and placed on a glass slide in 30% glycerine in saline. The individual nerve fibres were teased apart with fine needles under a dissecting microscope. The teased fibres were then mounted in the same medium.
Results
Obvious macroscopic changes were not observed in the nervous system or skeletal musculature, except for atrophy of the musculature of the hind legs in some rats. Histologically, there were lesions in the central and peripheral nervous system as well as in the musculature.
Central Nervous System
Lipochrome pigment, PAS-positive and dark blue in LFB preparations, occurred universally throughout brain and cord of all animals. Pigment was mainly in small granular accumulations in nerve cells, but also in non-nervous elements such as macrophages near blood vessels and in oligodendrocytes and astrocytes.
A structure resembling a senile plaque was observed once in the thalamus. This structure was approximately 100 pm in diameter and consisted of a dense PAS-positive network of irregularly shaped fibrils.
The ventricular system in the anterior parts of the brain was dilated in five animals. In most animals the white matter tracts in the anterior parts of the brain, especially the corpus callosum, had mild hypercellularity caused by hyperplasia and hypertrophy of astrocytes and possibly of oligodendrocytes. These changes were not usually accompanied by degenerative nerve-fibre changes, and only once a swollen, degenerating axon was observed in the corpus callosum in silver-stained sections. A few distended myelin sheaths, sometimes containing a swollen degenerating axon or a myelophage, were seen in various parts of the medulla and the cerebellum-such as the corticospinal and spinocerebellar tracts-but only in small numbers and not in all animals examined. They were, however, regularly present in the dorsal column, especially in the gracile tract in the cervical region, and in the lateral and ventral columns of the cord.
In 6 male animals, the gracile tract showed extensive fibre loss (fig. l), and in 4 of these 6 animals the lateral columns were severely affected ( fig. 2) ; the affected parts appeared spongy and showed a more or less extensive microgli-a1 and astrocytic reaction. These white-matter changes were most obvious in the cervical and thoracic regions of the cord.
A common abnormality in the central nervous system was the occurrence of eosinophilic bodies ( fig. 3 ). These bodies were from 10 to 40 pm in diameter, round or irregularly shaped, weakly eosinophilic, and hyaline or granular in appearance. Sometimes they had a dense centre or were vacuolated. The bodies were usually PAS-negative, but small PAS-positive bodies were also observed. Sections stained with LFB often showed dark blue granules, but with the Glees and Marsland silver stain little or no staining occurred. The eosinophilic bodies usually occurred in fibre tracts or areas where nerve fibre degeneration was observed. They were numerous in the gracile nucleus of all animals examined and were regularly present in the gracile tract. They were also observed in other parts of the medulla such as the cuneate nuclei, the spinocerebellar tracts and the corticospinal tracts, and in the cord in the dorsal horns and in the lateral columns but only in small numbers and not in all animals examined. The Purkinje cells sometimes appeared decreased in number and the granular layer of the cerebellar cortex thinner than in 1-year-old rats. Corpora amylacea, neurofibrillary condensation, or atheromatous deposits in vessel walls-changes often associated with aging-were not observed in the central nervous system of these old rats.
Peripheral Nervous System
Except for mild chromatolysis of some of the ganglion cells no obvious changes were observed in the dorsal root ganglia, but the dorsal and ventral roots and the brachial and sciatic nerves were consistently affected. Swollen fragmenting axons and digestion chambers indicated the presence of Wallerian degeneration ( fig. 4, 5) . In sections stained according to the methods of Glees and Marsland or Bodian, the affected axons were often vacuolated and sometimes had a foamy appearance. I n addition to Wallerian degeneration, there were also signs of a possible primary demyelinating process, manifested by apparently normal axons with myelin sheaths showing signs of degeneration such as swelling, dilatation, and the presence of macrophages within the dilated sheaths. The finding of nerve fibres showing segmental demyelination as well as other abnormalities of the myelin sheath in teased preparations confirmed the presence of a primary demyelinating process ( fig. 6 ). In the most severely affected nerves the loss of myelinated fibres was extensive, with the remaining myelinated fibres lying in a fibrous-appearing nerve remnant.
Little difference in severity between the lesions in the proximal and those in the distal parts of the sections of peripheral nerves could be detected. Localised deposits of cholesterol were observed in severely affected nerves. In addition to a response of macrophages in degenerating nerve fibres, there was an increase in the number of mast cells in affected nerves, and in some nerves there were smaller or larger densely cellular areas, possibly consisting of proliferating Schwann cells. Large polynucleated cells were commonly seen near cholesterol deposits. The adventitia of small blood vessels in affected peripheral nerves often appeared thickened, with a layer of connective tissue surrounding the vessels.
Changes were observed in all sciatic and brachial nerves, but the changes in the sciatic nerves were more pronounced and of longer duration than those in the brachial nerves.
When assessed for severity, the changes in the brachial nerves were considered mild in 22 and moderate in two cases, whereas only in 12 sciatic nerves were changes considered mild and in the remaining 12 moderate to severe. Changes were considered mild when only a small number of degenerating fibres was observed, moderate when degenerating nerve fibres were obvious throughout the nerve, and severe when there was an extensive loss of myelinated fibres with fibrosis. Changes in the peripheral nerves in the males were more severe than those in the females.
Skeletal Musculature
Changes were obvious in the musculature of the hind legs of all rats examined, whereas the muscles of the front legs showed no change in eight animals and only slight changes in the remaining 16 animals. In the least affected muscles the size of the muscle fibres varied. The affected fibres showed a decrease in diameter with preservation of striation. The sarcolemmal nuclei tended to become more prominent because of swelling and a relative or possibly absolute increase in number ( fig. 7 ). When the changes were more advanced the outline of the affected fibres often became somewhat irregular, and there was clumping of muscle nuclei into smaller or larger nuclear aggregates with swelling of the cytoplasm between the clumped nuclei ( fig. 8 ). The nuclei then became dark and elongated, and the sarcoplasm often had lost its striations, becoming more hyaline or granular. The fibres at this stage often started to break up into smaller or larger fragments. At earlier stages, however, an occasional fibre showed granular degeneration or hyaline swelling and fragmentation. In the later stages the affected muscular tissue became increasingly replaced by fatty tissue.
Different stages could be observed concomitantly in the same muscle, and the distribution of the affected fibres was.often patchy, with groups of normal fibres interspersed between groups of fibres or areas showing more or less advanced changes.
Discussion
The changes, especially those in the peripheral nerves and musculature, observed in the present investigation are similar to those observed by BERG [2] and BERG et al. [ 3 ] in the rat. The latter authors considered the muscular abnormalities and the peripheral neuropathy as two separate disease entities. The changes in the musculature observed in the present investigation, however, are consistent with those of neurogenic muscular atrophy, as described by ADAMS et al. [l] . Moreover, in our study there is some correlation between the severity of the changes in the peripheral nerves and those in the musculature in that the changes in the brachial nerves as well as in the musculature of the front legs were less severe than those in the sciatic nerves and in the musculature of the hind legs. Thus, the changes in the musculature appear to represent a neurogenic atrophy secondary to the lesions observed in the peripheral nerves.
In addition to demyelination, as described by BERG et al. 131, in the rats in our study nerve fibre degeneration of the Wallerian type was also seen in the peripheral nerves. This could indicate the presence of two disorders, one of the axons and one of the Schwann cells. SCHLAEPFER [20] , studyinglead neuropathy, suggested that in this disorder the combined Wallerian degeneration and segmental demyelination arises from a common metabolic lesion in the supporting capsule and Schwann cells. In our study there was little indication of changes in the capsule cells in the dorsal root ganglia. Moreover, in addition to Wallerian degeneration in the peripheral nerves, there was nerve fibre degeneration in the central nervous system and especially in some of the long tracts, such as the gracile tract. The axonal degeneration observed may, therefore, represent a 'dying back' process [6] and be an expression of a more general neuronal disorder. Combined Wallerian degeneration and segmental demyelination have also been observed in aging humans [14] , and the question whether these are two concomitant but separate processes representing axonal and Schwann-cell disorders or whether one is the consequence of the other has not yet been resolved [17] . In younger rats with more acute lesions in the sciatic nerve, the lesions appeared to be predominantly of the Wallerian type [unpublished observations] with only some indication of possible segmental demyelination. Therefore, if any relationship exists between the axonal degeneration and the segmental demyelination, the latter appears to be secondary. It is uncertain whether the vascular changes observed in the peripheral nerves in our study played any role in the degenerative changes.
The eosinophilic bodies described above have been observed in a variety of conditions of animals and man : tri-orthocresyl phosphate poisoning of cats 171, diethyl-dithiocarbamate poisoning of rabbits [lo], p-bromophenylacetylurea poisoning of rats [5] , vitamin E deficiency of rats [ 191, mucoviscidosis of man [21] , and also in healthy agingdogs [16] and neurologically normal aged humans 1211. BLAKEMORE and CAVANAGH [5] recently concluded that these bodies represented frustrated attempts of regeneration of partially degenerated central fibres. They therefore fit into the pattern of central nerve fibre degeneration as observed in the present investigation.
The changes observed by PAPPENHEIMER [I81 in the cord of rats differed from those in this investigation in that they occurred especially in the lateral and ventral columns, whereas in the present study severe changes were most prominent in the dorsal columns and were not observed in the ventral columns. Moreover, the changes described by PAPPENHEIMER occurred in young rats, whereas in rats of similar age used in this institute no lesions or neurological symptoms have been observed [unpublished observations].
In an extensive study on age-related changes in the nervous system of domestic animals, KETZ [13] observed that, with age, changes developed in the neurofibrils and Nissl substance. The nucleus and nucleolus of the nerve cells decreased in size, and there was also a decrease in the number of nerve cells, which was most obvious in the cerebellum. In the present investigation such changes of nerve cells were not observed, but the nerve cells in the cerebellum appeared decreased in number. The dilatation of the ventricular system may have been caused by a decrease in the number and volume of the nerve cells. The human brain is also known to decrease in weight during aging, with a gradual increase of the extracerebral space [4], and atrophy of the brain with dilatation of the ventricular system has been observed in an old dog [Ill.
Except for the presence of pigment, degenerative changes of the nerve cells in the spinal ganglia, as shown by FANKHAUSER and LUGINBUHL [I I ] in an old dog, were not observed in this study.
The changes in the nervous system of aged rats could not be attributed to any nutritional deficiency or other external factor known to cause lesions in the nervous system. Moreover, similar changes, including the presence of lipochrome pigment in various elements of the nervous system, eosinophilic bodies, hypertrophy of astrocytes, dilatation of the ventricular system, pallor of the gracile tract, and degeneration of nerve fibres in the peripheral nerves, are known to occur in aged humans and animals [4,9, 1 I, 12, 16, 17, 211 . The changes in these rats were, therefore, believed to be caused by aging. The question whether these changes are normal for aged rats or whether this strain of rats, by genetic design, is particularly prone to develop such changes must remain unanswered at present, as little information on changes in the nervous system of rats of similar age is available.
